Abstract Purpose: The combined loss of genetic material on chromosomes 1p and 19q is strongly associated with favorable outcome in patients with WHO grade 3 anaplastic oligodendroglial tumors. The prognostic value of 1p/19q loss in WHO grade 2 oligodendroglial tumors is less well defined. Importantly, the possible effect of combined 1p/19q loss has not been studied in patients who were not treated with radiotherapy or chemotherapy. Experimental Design: Seventy-six patients with oligodendroglioma (n = 33), oligoastrocytoma (n = 30), anaplastic oligodendroglioma (n = 6), or anaplastic oligoastrocytoma (n = 7) were identified who had not received radiotherapy or chemotherapy after their first operation until the end of follow-up or until the first progression and had tissue for 1p/19q status available. 1p/19q status was assessed by multiplex ligation^dependent probe amplification. Results: After a median follow-up of 3.8 years, progressive disease was documented in 34 patients. The estimated median progression-free survival was 4.6 years. Fifty-eight of the 76 patients had a combined loss of 1p and 19q. The absence or presence of combined 1p/19q loss was not prognostic for progression-free survival using multivariate adjustment for histology, extent of resection, and gender. Conclusions: Combined 1p/19q loss is not a sensitive prognostic biomarker in patients with oligodendroglial tumors who do not receive radiotherapy or chemotherapy. The gene products lost as a consequence of this codeletion may include mediators of resistance to genotoxic therapies. Alternatively, 1p/19q loss might be an early oncogenic lesion promoting the formation of glial neoplasms, which retain high sensitivity to genotoxic stress.
Loss of genetic material on chromosomal arms 1p and 19q in the tumor tissue has been linked to a subset of patients with oligodendroglial tumors with a more favorable outcome (1) . The prognostic role of 1p/19q loss is better defined for anaplastic WHO grade 3 tumors than for grade 2 tumors. The striking coexistence of these losses has recently been linked to a centromeric or pericentromeric translocation event between chromosomes 1 and 19 preceding the loss of genetic material (2) . Whereas it was initially shown that 1p/19q loss predicted response to chemotherapy with procarbacine, 1-(2-chloroethyl)-3-cyclohexyl-L-nitrosourea (lomustine), and vincristine (PCV regimen), it soon became clear that 1p/19q loss also predicted prolonged survival in patients receiving radiotherapy only (3) . More recently, two large randomized trials, Radiation Therapy Oncology Group 94-02 and European Organization for Research and Treatment of Cancer 26951, compared radiotherapy alone with radiotherapy combined with PCV chemotherapy in patients with anaplastic oligodendroglial tumors. Both studies showed a moderate prolongation of progression-free survival (PFS) but failed to show a beneficial effect of combination treatment on overall survival. The loss of 1p/19q was a strong predictor of longer PFS [hazard ratio (HR), 0.44] and overall survival (HR, 0.31; refs. 4, 5) . This effect was similar in both treatment arms of both trials. Accordingly, these results do not answer the question on whether 1p/19q loss is a molecular marker defining two subgroups of oligodendroglial tumors with identical morphology but different outcome, or whether this molecular feature predicts prolonged PFS and overall survival in response to radiotherapy or chemotherapy. To answer this question, it is necessary to determine the 1p/19q status in the tumor tissue in patients with oligodendroglial tumors who did not receive any adjuvant treatment after their first tumor resection and were followed up until their first tumor progression. Such patients are more likely to be identified in the population of patients with grade 2 tumors than in those with grade 3 tumors whereas the prognostic effect of the 1p/19q status has been more convincingly shown in the latter. The six clinical centers of the German Glioma Network conducted a retrospective search for such patients to gain more information on the radiochemotherapy-independent prognostic value of the 1p/19q loss.
Materials and Methods
Patient selection. We identified 76 patients with oligodendroglioma (n = 33), oligoastrocytoma (n = 30), anaplastic oligodendroglioma (n = 6), or anaplastic oligoastrocytoma (n = 7) who (a) had not received radiotherapy or chemotherapy after their first operation until the first progression or the end of follow-up and (b) had tissue for 1p/19q status available. Progressive disease was defined by neuroradiologic criteria, which conformed to Macdonald criteria for contrast-enhancing lesions, or similar adapted criteria for nonenhancing lesions. There was no central neuroradiologic review. Tissues of 48 patients were available for central pathology review done by a neuropathologist (T.P.) according to the current WHO classification. The histologic diagnosis was changed from oligodendroglioma to oligoastrocytoma in 1 case, from oligodendroglioma to anaplastic oligoastrocytoma in 1 case, from oligodendroglioma to anaplastic oligodendroglioma in 3 cases, and from anaplastic oligodendroglioma to anaplastic oligoastrocytoma in 1 case. Thus, the 48 diagnoses in the centrally reviewed group of patients were 14 oligodendroglioma, 22 oligoastrocytoma, 6 anaplastic oligodendroglioma, and 6 anaplastic oligoastrocytoma. Before the extraction of DNA from tumor tissues by standard methods, all tumor samples were examined by an experienced neuropathologist (A.v.D.) to exclude contaminating nontumorous portions.
Multiplex ligation -dependent probe amplification. Multiplex ligation -dependent probe amplification (MLPA; ref. 6 ) was used for the determination of allelic losses in the tumor samples because no constitutional DNA was available for these archival tissues. The analysis was done using the SALSA MLPA KIT P088 lots 0305 and 0705 (MRC Holland). The kit contains 16 probes covering 1p, 8 probes covering 19q, and 19 control probes of other chromosomal locations. MLPA was done according to the manufacturer's protocol. PCR products were separated and quantified on an ABI 3730XL DNA analyzer (Applied Biosystems) and Genemapper 3.7 software using the AFLP algorithm (Applied Biosystems). In each run, at least four reference samples were included. DNA quality was evaluated by analyzing the DQ probes provided by the kit. The allelic status for each sample was determined as follows: peak areas of 19 control probes, which are included in P088, were calculated; an average peak area for the 19 control genes was determined; then, peak areas from each individual probe on 1p and 19q were divided by the value for the average peak area of control probes. We determined this average ratio on seven nontumorous DNAs for each probe on 1p and 19q and repeated this experiment four times. SD of this ratio for each probe was determined for the data of the multiple rounds of analyses on these seven control tissues. A ratio deviating >2 SD from that established for each of the probes in control tissues was scored as altered gene dosage. Because SDs for all data from controls were within narrow limits, data from tumors with a ratio <0.7 fulfilled these criteria for reduced gene dosage and ratios >1.3 indicated elevated gene dosage. Chromosomal regions from tumors were scored as underrepresented or overrepresented if two or more probes on 1p or 19q adjacent to each other exhibited a ratio <0.7 or >1. 3 .
Loss of heterozygosity analysis. Corresponding constitutional DNA was available in 14 cases. These paired DNA samples served as a verification set for the MLPA analysis. DNA from blood and tumor was amplified with the microsatellite markers D1S1608, D1S548, D1S1592, D1S1161, and D1S1184 for 1p and with the markers D19S433, D19S431, D19S718, D19S559, and D19S601 for 19q to determine loss of heterozygosity (LOH). PCR products were separated on 8% denaturing acrylamide gels and visualized by silver staining (7) .
Statistical analysis. Statistical analysis was done using the statistical software R (8). The Mann-Whitney U test, m 2 test, and Fisher exact test were used to test for association of clinical variables and 1p/19q loss. The log-rank test was used to test for survival differences among groups. PFS was calculated from the day of first surgery until tumor progression, death, or end of follow-up. The effect of combined 1p/19q loss on PFS adjusted for gender, extent of resection, and age was analyzed using the Cox proportional hazards model. Combined loss of 1p/19q was defined as either partial or complete deletion of chromosome arms 1p and 19q.
Results
The median follow-up of the 76 patients was 3.8 years. Progression was documented in 34 patients. The estimated median PFS was 4.6 years [95% confidence interval (95% CI), 3.1-7.5; Fig. 1 ]. All cases had initial surgery except 2 (2.6%) cases that had a resection within 2 and 7 months after a stereotactic biopsy. One patient had only a biopsy; 6 (7.8%), 25 (32.9%), and 37 (48.7%) had partial (<50%), subtotal (50-99%), or total resections, respectively; and 8 (10.5%) had a resection of unknown extent. Molecular analysis revealed a loss of 1p/19q in 48 (63%) of the patients; 4 (5.2%), 2 (2.6%), and 22 (28.9%) had isolated loss of 19q, loss of 1p, or intact chromosomes 1p and 19q. In 13 of 14 DNA sets, the MLPA and LOH results were identical, showing combined DNA losses on 1p/19q in 4 cases, loss on 19q but wild-type 1p in 1 case, and wild-type status of both 1p/19q in 8 cases. In 1 case, MLPA showed reduced gene dosage in only one and the most telomeric marker on 19q. This case was not scored as carrying loss because our scoring criteria for loss require two adjacent markers with reduced gene dosage. Microsatellite analysis of this sample detected also reduced gene dosis in the telomeric marker D19S601 and was scored as loss. All statistical analyses were done on the MLPA data set.
The clinical characteristics of the patients with and without combined loss of 1p/19q are shown in Table 1 . Patients with loss of 1p/19q had significantly fewer total resections on initial surgery than patients without. Further, the patients without loss of 1p/19q tended to be male (75% versus 52%; P = 0.056) and showed a higher frequency of oligoastrocytoma (54% versus 31%) than the other group.
The essential results of univariate analysis of PFS are summarized in Table 2 . By univariate survival analysis, we find that the absence or presence of a combined 1p/19q loss is not associated with a different PFS. In multivariate models, including stratifications by histology, local or central review, age, or gender (data not shown), the HR for PFS for cases harboring combined loss of 1p/19q versus no loss 1p/19q in all cases was 0.99 (95% CI, 0.486-2.04; P = 0.99). When gender, extent of resection, and histology were used to adjust for imbalances of these factors in the genetically defined groups, the HR for loss of 1p/19q was 0.91 (95% CI, 0.39-2.14, P = 0.83). None of the other factors reached significance (Table 3 ) but extent of resection showed a trend for lower risk (Table 4) .
Discussion
The somewhat unexpected results of two large randomized trials on the role of adjuvant chemotherapy, in addition to radiotherapy in anaplastic oligodendroglial tumors (4, 5) , have reinforced the controversy over the use of 1p/19q loss as a prognostic or predictive marker. Both Radiation Therapy Oncology Group 94-02 and European Organization for Research and Treatment of Cancer 26951 had indicated that 1p/19q loss characterizes a less malignant variant of disease independent of whether radiotherapy or combined radiochemotherapy was administered. The observation until first progression of surgically treated patients followed without adjuvant radiotherapy or chemotherapy is the only way to determine whether the 1p/19q status predicts outcome in the absence of adjuvant treatment and is thus a prognostic marker independent of radiotherapy and chemotherapy. For anaplastic tumors, such a series cannot be retrieved retrospectively because it has been a standard of care for many years to treat patients with anaplastic tumors (WHO grade 3) either by radiotherapy or chemotherapy, or both, after surgery, but never by mere observation. In contrast, patients with WHO grade 2 tumors were often managed with a policy of wait-and-see after their first surgical intervention. Accordingly, WHO grade 2 tumors greatly outnumber WHO grade 3 tumors in the present series. The expected median PFS in a cohort of glioma patients as studied here is in the range of 3 to 5 years. The estimated PFS of 4.6 years in our population is thus not unexpected, given the selection bias that patients who were selected for a wait-and-see strategy commonly exhibit favorable prognostic factors. We acknowledge that our study has several weaknesses. The sample size is relatively small. The design is largely retrospective. There are inhomogeneities of the two patient groups in that patients with a 1p/19q deletion were less likely to have a gross total resection. There were few patients with grade 3 lesions for which the prognostic value of 1p/19q status in the setting of radiotherapy or chemotherapy is much better defined. Nevertheless, as the essential conclusion from our study, summarized in Tables 2 -4 , we propose that the loss of 1p/19q per se, in the absence of genotoxic treatment, does not confer a major PFS advantage.
Kanner et al. (9) reported a significantly longer survival for oligodendroglioma patients with loss of 1p who received no adjuvant therapy after initial surgery compared with patients with intact chromosome 1p. However, PFS was not analyzed and the influence of 1p loss on survival was not adjusted for salvage therapy administered at the time of progression. A favorable prognostic effect for 1p/19q loss has also been claimed for a series of 66 patients with grade 2 gliomas who had never been treated with chemotherapy. However, 19% of these patients had radiotherapy at diagnosis. Because the patients with tumors lacking 1p/19q loss were more likely to be irradiated, the authors concluded that the effect of radiotherapy could not have produced an artifactual gain in survival in patients with tumors with 1p/19q loss. Importantly, 75% of the patients in that series had a pure astrocytic histology (10) . Our series has the advantage that the decision to adopt a wait-and-see strategy was solely based on clinical considerations in a nonbiased way regarding molecular genetic findings in the tumor.
The MLPA technique has the advantage that no paired samples of constitutional and tumor DNA are necessary for the detection of DNA losses. However, the application of this novel method should be tightly controlled. We therefore validated the MLPA results with microsatellite analysis on a set of 14 patients of this study with both tumor and constitutional DNA available. All sets but one yielded identical results. In one tumor, both the terminal marker in the MLPA set and the terminal microsatellite marker exhibited reduced gene dosage. However, due to our definition of scoring loss by MLPA requiring two adjacent markers with alteration, this case was not scored as carrying a loss on 19q whereas it scored for LOH in the microsatellite analysis. Thus, data from MLPA and microsatellite analysis matched perfectly and both methods showed similar sensitivity and specificity.
We conclude that combined 1p/19q loss is not a strong prognostic biomarker in patients with oligodendroglial tumors who do not receive radiotherapy or chemotherapy. Thus, the gene products lost as a consequence of this codeletion may be mediators of resistance to genotoxic therapies. Alternatively, 1p/ 19q loss could be an early oncogenic lesion in glial tumorigenesis, which results in the formation of a characteristic subgroup of tumors sharing the retention of tumor suppressor and apoptosis proficiency pathways in response to genotoxic stress. 
